Polycytidylic acid is known to form a double-stranded helical structure that is different from either the A or the B form of DNA. X-ray diffraction studies' indicate the structure to be that of a helix similar to that of poly A,2 with the difference being that only one shared proton is bound between the two cytosine residues, this proton forming a third hydrogen bond (Fig.  1) . The two protons in the poly A helix are not involved in R hydrogen bond formation, but stabilize the structure by charge effects. Various physicochemical studies3-6 on poly C have led to the conclusion that the double-helical semiprotonated structure found in the fiber diagrams is also present in solution between pH 3.5 and 5.5. It has R been suggested that during thermal denaturation the In reviewing the structures formed by polynucleotides,7 inconsistencies appear between similar data on poly C in the literature. It will be shown that these can be readily resolved by noting that thermal denaturation at pH 4 and pH 5 are two different processes, the first probably involving uptake, the second, loss of proton.
Polycytidylic acid is known to form a double-stranded helical structure that is different from either the A or the B form of DNA. X-ray diffraction studies' indicate the structure to be that of a helix similar to that of poly A,2 with the difference being that only one shared proton is bound between the two cytosine residues, this proton forming a third hydrogen bond (Fig.  1) . The two protons in the poly A helix are not involved in R hydrogen bond formation, but stabilize the structure by charge effects. Various physicochemical studies3-6 on poly C have led to the conclusion that the double-helical semiprotonated structure found in the fiber diagrams is also present in solution between pH 3.5 and 5.5. It has R been suggested that during thermal denaturation the lbrtd3' 5 Both the poly A and the FG .Poal y shared proton is liberated.
drogen bonding scheme poly C helix have their bases tilted against each other in a between cytosine residues propeller-like fashion" 2so that the strands have to be iofptohehliCal.(acid) form parallel.7
In reviewing the structures formed by polynucleotides,7 inconsistencies appear between similar data on poly C in the literature. It will be shown that these can be readily resolved by noting that thermal denaturation at pH 4 and pH 5 are two different processes, the first probably involving uptake, the second, loss of proton.
Materials and Methods.-Poly C was purchased from Miles Chemical Corporation, Clifton, N.J. It was dissolved in 0.001 M Tris-buffer, pH 7.4, to give a concentration of about 5-10 A260 units per ml. This stock solution was dialyzed against five changes of glass-distilled water. Dilutions were made to the desired pH and ionic strength by diluting with appropriate acetate buffer and/or 2 Difference spectra: To determine exact difference spectra, parallel recordings were made at low and high temperature in a Cary 14 spectrophotometer with thermostated cuvette holder and a Datex digitalization system connected to a Teletype tape punch. The recorded spectra were transferred to IBM-cards and these data were corrected for thermal expansion. From these data, difference spectra were constructed.8 These difference spectra were stored in the computer output as punched cards for future use.
Optical rotatory dispersion (ORD): ORD measurements were performed on a Bendix-Ericson 62 spectropolarimeter in the laboratory of Dr. V. Luzzati (CNRS, Gif-sur-Yvette, France) in thermostated cells of 1-cm path length. The temperature was raised by circulating water from a Haacke Fe thermostat through the jackets.
pK determination: pK values were determined by multicomponent analysis of the difference spectra and of the high-temperature spectra at pH 4.45, using the corresponding spectra at pH 4.0 and 5.25 as reference spectra.8a
Results. Methods for details. above and below their optimal pH. It is interesting to note that the maxima, and for that matter the whole curve, shifts to higher pH values with decreasing ionic strength. It is also noteworthy that at pH 4 the Tm both in 0.9 M and 0.13 M Na+ is about 800, although a difference of 250 has been reported between these two Tm values. 6 To clarify this rather extraordinary discrepancy, an attempt was made to reproduce the experimental approach of Hartmann and Rich,6 which had measured Tm values at different pH values in unbuffered NaCl solutions. The following phenomena occurred: (a) considerably higher denaturation temperatures in 1 M NaCl than previously reported, (b) precipitation of the polymer before the denaturation process was completed, (c) an erratic lowering of the pH of the sample after cooling (up to 0.8 pH units). Therefore, all experiments reported herein were performed in at least 0.005 MIl acetate buffer (the rest of the salt concentration was made up by adding either 2 M NaCl or 0.15 MIf sodium acetate). Also, the pH was controlled before and after each denaturation experiment. If the difference between the two measurements was greater than 0.05 pH units, the experiment was discarded.
VOL. 57, 1967 BIOCHEMISTRY: W. GUSCHLBAUER 1443 The virtual inversion of the Tm dependence on Na+ concentration in going from pH 4 to pH 5 ( Fig. 3) makes it rather doubtful that one is dealing with comparable phenomena at all. The falling off of the Tm, as well as the effect of salt concentration on melting below pH 4, has been interpreted as proton destabilization, while the region above pH 4 has been called proton stabilization zone.3 As stated, "poly C in the proton destabilization zone behaves like DNA,"3 but it is difficult to see why it should do so. Although the present spectral and denaturation data are in agreement with those of Ts'o and his collaborators,3-5 a different interpretation of these results appears reasonable and will be presented.
Difference spectra and reversibility: When comparing the difference spectra obtained after poly C has undergone thermal denaturation at various pH values (Fig. 4) , a shift of the isochromic point to higher wavelengths and loss of hypochromicity above 300 mn occurs as one passes to lower pH values (and lower salt concentrations-not shown). This is another way of representing the fact that thermal denaturation at pH 5 is accompanied by a blue shift in the UV-absorption spectrum of poly C. This shift disappears and even becomes a slight red shift at pH 4 (Fig. 5 ). Since this blue shift at pH 5 has been associated with the deprotonation of the cytosine pair,3 no loss of protons apparently takes place at pH 4 Using the high-temperature spectra in 0.13 M Na+ (corrected for thermal expansion) at pH 4.0, 4.45, and 5.25, and assuming that the first is representative of protonated poly C and the last of unprotonated poly C without structure, one can compute the amount of each component present8, 8a at pH 4.45 and thus the pK according to the equation PK = pH + log [poly Cl Thus, pK = 4.37 for the high-temperature spectra in 0.-13 M Na + which is in excellent agreement with the pKi of cytidine 5'-phosphate (CAIP) (pK = 4.3). This indicates that the cytosine residues behave essentially as in the monomer state.
Optical rotatory dispersion: It has been shown12 that the ORD of the helical acid form of poly C is quite different from that of the stacked single-stranded form of neutral poly C, the first showing a Cotton effect with a peak at 300 mM4 and a trough at about 275 mIA, while the Cotton effect of the latter is characterized by a peak at 290 mjA and a trough at 265 m1t. There is also a shift of the crossover point to lower wavelengths when going from the neutral to the acid form.
If the denaturation of poly C at pH 5 involves protonation, one can expect the following phenomena to occur: first, a decrease in rotation as well as a shift of the positive Cotton effect and the inflection point toward lower wavelengths, approaching the ORD of the unprotonated monomer,12 both effects being due to the loss of secondary structure; and secondly, a shift and decrease of rotation of the negative Cotton effect toward lower wavelengths corresponding to the neutral form of the monomer. Inversely, if no deprotonation should take place at pH 4, the loss of rotation as well as the shift of the positive Cotton effect and the crossover point should still be retained due to the loss of structure, but the negative Cotton effect should remain at 275 mit. The results in Figure 6 show that this prediction is verified, and that at pH 3.75 and 4.0 the ORD at high temperature shows a Cotton effect with a minimum at 275 mjA that is shifted below 270 mgA at higher pH values. In principle, an ORD-titration curve at high temperature could be envisaged. From the data in Figure 6 one can roughly estimate the pK of denatured poly C to be slightly below 4.45, which corresponds well to the spectral determination (see above). All ORD spectra returned completely after slow cooling and nearly completely upon rapid cooling, as in the case of the absorption spectra.
Discussion.-Little a priori evidence points to the existence of two different structures. Thus, the UV spectra (Fig. 5) and ORD spectra (Fig. 6 ) at room temperature are very similar between pH 3.75 and pH 5.25. However, the possibility of two structures that manifest themselves only in very small differences of their optical properties cannot be excluded. Typical for such optical similarities is the case of poly (A + U) and poly (A + U + U),131-5 which have been differentiated on the basis of difference spectra. 8 An alternative would be that the processes studied are different, i.e., while one starts with the same material of the same structure, thermal denaturation yields different final products. The results presented here favor this alternative. The spectral data in Figure 5 show quite clearly that poly C at pH 4 and pH 5 at high temperature are quite different. The blue shift which had occurred during the heat denaturation at pH 5 is replaced by a slight red shift at pH 4. The ORD results in Figure 6 parallel the spectral data and strengthen the argument for two different processes. These data suggest that thermal denaturation at pH 5 involves deprotonation, while at pH 4 no loss of proton takes place. On the contrary, an additional proton may be taken up. The effect of Na+ concentration of the Tm (Fig. 3) suggests this possibility, as well as the spectrally determined pK, which coincides with the pH of maximal Tm (Fig. 2) . Above and below this pH, the Tm must fall off for thermodynamic reasons when two different processes are taking place." Therefore, poly C appears to behave like DNA in the proton destabilization zone.
That this interpretation is correct can be deduced from Figure 7 where the thermal denaturation profiles at pH 4 and pH 5 in 0.13 M sodium acetate are shown. Although the transition temperatures at pH 4 and pH 5 are not very far apart, the shapes of the curves are quite different. The heating curve at pH 5 shows three steps: first, a decrease in absorbance at the absorption maximum (275 mg1) (observed also by others3' 4, 6), which is due to the shift of the spectral maximum to lower wavelengths,4 6 while no such decrease occurs at 260 mu. This is followed by the cooperative transition which splits the two strands. Finally, a slight noncooperative increase in absorbance can be observed due to the unstacking of the unprotonated chains, similar to that observed for poly A.'0 15 At pH 4, neither the decrease of absorbance at 275 mju at the beginning, nor the nooicooperative unstacking at the end can be observed, but the actual transition is considerably broader. Apparently, at this pH any base pair split immediately results in uptake of an additional proton. Because of charge repulsion, these protonated cytosine residues will show less tendency to stack' than will the unprotonated cytosine residues at pH 5 at high temperature.
One further rather surprising result can be seen in Figure 6f . The ORD of poly C at pH 5.75 Cotton effect with a maximum at 290 miu, the rotation of which was higher than the corresponding peak of acid poly C at 300 mu. Hence, an increase in rotation at 290 my could be expected, if the double-helical structure were unstable and substituted by the neutral stacked form. At pH 5 .75 in 0.13 M Na+, one proton is bound for about 5-6 cytosine residues.6 Neither the double-helical structure (which requires one proton for two cytosines), nor the stacked single-stranded helix seems to be stable. Any protonated cytosine would interfere with the stacking of its neighboring residues,16 resulting in changes in the angle between successive bases which is important in the stabilization of the stacked structure. 1618 Slight distortions of this angle caused by protonation of single residues along the chain could completely eliminate the ORD spectra. It thus appears that at a pH slightly above the pK of the helical form, poly C is virtually unstructured and approaches the definition of a random coil in the sense of polymer chemistry, i.e., complete absence of rigidity.
Preliminary data indicate that this unstructured region exists only over a very narrow pH range that is determined by the ionic strength of the solution."
It is also interesting to note that the ORD data below pH 5.25 at high temperature suggest small but possibly significant amounts of rotational strength. This would imply that small amounts of structure are still present, probably fluctuating short-range stacking.'7 This seems to be more pronounced for the case of unprotonated poly C (at pH 5) at high temperature.
Summary.-The thermal denaturation of the double-helical semiprotonated structure at poly C has been studied at different acid pH values. The results suggest that poly C assumes a very similar, if not identical, structure between pH 3.75 and pH 5.25 at room temperature. Above pH 4.5, the disruption of the helix involves
